We present a comparison of different silicon photonics-based wavelength filters for different design criteria (e.g. channel spacing, number of channels, ...) and different performance metrics (e.g. insertion loss or crosstalk ). In this paper we compare only non-resonant filters, or finite-impulse response (FIR) filters, such as Arrayed Waveguide Gratings, Echelle Gratings and higher-order cascades of Mach-Zehnder filters. We derive the strengths and weaknesses from their operational principles and confirm those with experimental data from fabricated devices and extrapolated simulations.
INTRODUCTION
Silicon photonics is becoming a technology of choice to build photonic integrated circuits for diverse applications in optical communications, 1 sensing 2, 3 and microwave signal processing. 4 The key strength of silicon photonics, compared to other photonic integration technologies such as silica on silicon, III-V semiconductors or Lithium niobate is the potential integration density and the manufacturing infrastructure. Silicon photonics, using silicon as a base material, is compatible with fabrication processes and tools used for the large-scale manufacturing of CMOS circuitry. Over the past decade, several R&D pilot lineas and even industrial fabs have demonstrated a silicon photonics fabrication flow, with the first products on the market. 5 The use of proven mass-fabrication technologies gives silicon photonics a growth potential for high-volume, low-cost applications.
The second key advantage of silicon photonics is the integration scale. Because of the high refractive index contrast, silicon photonic waveguides can have submicrometer cross-section dimensions, and can guide light in bends of only a few micrometer radius. Because of this, many more components can be integrated on the same chip, compared to other, low contrast, integration technologies. Also, several silicon photonics technology platforms now support active electro-optic modulators and detectors. Also, wavelength filters can be very useful for sensing applications. Many optical sensors rely on spectral information. This can be a wavelength shift that relates to a specific quantity (e.g. a concentration of biomarkers in a biosensor, or strain in a fiber Bragg grating sensor), or it can be spectroscopic information, such as spectral fingerprints of gases and complex molecules. The requirements for these applications can differ significantly from those of WDM communications.
There are different techniques to make wavelength filters, but almost all rely on interference of two of more light paths. In this paper, we will discuss different implementations of finite impulse response (FIR) filters. These filters are based on a finite set of interfering optical delay lines in a feed-forward architecture. The main examples of such filters in an integrated circuit include Mach-Zehnder interferometers (MZI), 9, 10 arrayed waveguide gratings (AWG) and echelle gratings.
In contrast to FIR filters, it is also possible to make infinite impulse response (IIR) filters in a PIC. These are based on feed-back mechanisms, with optical delay paths coupling back on itself. This will cause multiple self-interference of the light, which leads to resonances. The feedback cavity can be based on a travelling wave, such as in ring resonators, or on a standing wave, such as a Fabry-Perot cavity. IIR wavelength filters have the significant advantage (compared to FIR filters) that they use the same delay line multiple times. Therefore, they have less problems in matching the lengths of the delays, and the device footprint is usually more compact. However, a key drawback of resonant filters is that the multiple roundtrips also introduce a higher optical peak power in the filter. Therefore, IIR filters can suffer from nonlinear effects, even at low power.
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In this paper we will discuss different implementations of FIR filters in silicon photonics. Even though they are based on the same principle of multiple interference paths, the different implementations have their own strengths and weaknesses. In the next section we discuss the operational principles of the different FIR filter types, and identify their strengths and weaknesses. In section 4 we compare the different filter types, as implemented in silicon photonics, against different performance metrics, such as insertion loss, crosstalk, footprint, etc...
FIR WAVELENGTH FILTERS
Interferometric FIR wavelength filters are based on optical delay lines. The unfiltered light is split over two or more paths with a different optical path length, and the different contributions are recombined. This is illustrated in Fig. 1 . An input impulse is split over the multiple delay lines, and at the output this results in a finite series of impulses, one for each delay lines.
If the path difference between the delay lines is a constant ∆L, the time difference between the impulses is ∆t = ∆L.n g /c, with n g the group velocity of the pulses.
If we ignore the common delay t 0 , the output y(t) can be written as a function of the input x(t):
In the Z-domain we can write this as a polynomial expansion: When we increase the number of arms, we see an improved approximation of the box-like bandpass filter, but for the 8-channel filter we need more arms.
with q i the zeros of the filter.
In contrast, IIR filters have feedback loop, which results in an impulse response which never completely dies out. In the Z-domain this translates into a series of zeros and poles.
In the frequency (or wavelength) domain, the repeating pattern of pulses will also result in a periodic response, with a free spectral range (FSR) equal to
around a central operating wavelength λ 0 .
In the wavelength domain, we can see that the optical delay lines introduce a wavelength dependent phase shift ∆φ(λ) = 2πn ef f (λ)∆L/λ. When the optical path length difference n e f f ∆L is exactly a whole number m of wavelengths, the phase difference ∆φ between contributions is a multiple of 2π, and they will constructively interfere. Otherwise we will get only partial constructive interfere. When the coefficients of the delay lines are properly chosen, all contributions will add up for the desired wavelength channel ∆λ, resulting in a high transmission, while outside that channel they will cancel out, resulting in a low transmission.
Note that the absolute filter wavelength depends on the effective index n ef f of the delay line, while the channel bandwidth and the free spectral range, depends on the group index n g , which includes the wavelength dependence of n ef f . In highly dispersive silicon waveguides, the group index can be significantly larger than the effective index.
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The narrower the wavelength channel ∆λ with respect to the FSR, the more delay lines will be needed to obtain a well-defined bandpass filter. This is illustrated in Fig. 2 , where we approximate a box-shaped filter response using an increasing number of arms. We see that for a filter which selects one channel out of 4 (∆λ/F SR = 0.25) we already get a good approximation of the desired filter characteristic. However, for the 1-in-8 filter (∆λ/F SR = 0.125) we don't yet obtain a rectangular profile with 10 arms. As a general rule we can say that for n channels, at least N > 2.n delay lines are needed, even with perfect control of the coefficients b i .
The filter coefficients we used for Fig. 2 were not ideal for a box-like filter. Better coefficients can be calculated based on techniques used in digital filter synthesis, to define Butterworth, Chebyshev , Elliptical or other filter profiles with specific objective functions such as roll-off and crosstalk.
The performance of a channel filter can be measured by different metrics, which are illustrated in Fig. 3 . The bandwidth of a channel is usually expressed as the full-width-half-maximum (FWHM) or 3dB bandwidth. However, often also the 1dB bandwidth and 10dB bandwidth are used. The ratio between the latter two is often used to describe the roll-off of the filter. The closer the 1dB/10dB bandwidth ratio is to 1, the more the filter approaches a box-like edge. The crosstalk indicates the maximum power collected from outside the channel, and the insertion loss indicates the transmission efficiency of the wavelength inside the channel.
SILICON PHOTONIC WAVELENGTH FILTERS
Different delay-based filters are illustrated in Fig. 4 . A Mach-Zehnder interferometer (MZI) splits the light over two arms, effectively introducing a single delay stage, and these can be cascaded to multiple delay stages. An arrayed waveguide grating (AWG) distributed light over many delay lines using a star coupler, and an echelle grating implements the optical delays by positioning reflecting facets at different distances.
The key differences between the filters is how the light is distributed over the different delays and how the contributions are recombined, i.e. the b i coefficients. As we will discuss further, MZI lattice filters allow, in principle, better control of the b i coefficients than an AWG or echelle grating. In actual waveguides, the actual phase and amplitude of each b i contribution depends on the exact geometric definition of the delay, as well as the optical properties of the medium in which the delay is implemented. And this is where the challenges of silicon photonics FIR filters lie.
Silicon photonic waveguides are typically quite dispersive. This means that the optical phase delay, and even the group delay, is not constant over a wide wavelength range. This is not necessarily a problem for filters that operate in a narrow wavelength band, but for filters that have to span a broad spectrum, the dispersion could become a problem.
Also, the high refractive index contrast of silicon waveguides makes them very sensitive to small geometry variations, or changes in temperature. This means that the exact optical length of each delay line cannot be precisely controlled. 13 When multiple lines with a supposedly identical delay are used, the phase errors will manifest as a higher insertion loss and a higher crosstalk. It is evident that the effect of these stochastic errors increases with longer delay lines, and is strongly dependent on the quality of the fabrication technology. Also, global changes in waveguide geometry (linewidth and thickness) or environmental conditions (temperature) could cause a drift of the filter response.
MZI Lattice Filters
A simple MZI is a 2 × 2 filter with a single delay path. By concatenating MZI filters it is possible to create multiple delay paths, as shown in Fig. 5b . 9, 10 By routing the light through multiple coupling stages there are now many combinations of optical delays that all combine at the output in different proportions. Also, there are different combinations of paths that lead to the same delay length, as shown in Fig. 5 . It is the exact balance between these delays that dictates the filter response, and this is controlled by the coupling ratios of the directional couplers. Such a filter architecture is called a lattice filter, and it is commonplace in analog and digital filter banks.
Adding more stages can increase the performance of the filter, but the phase errors in the delay lines will accumulate, and uncertainties in the coupling coefficients will start to deteriorate the performance. While lattice filters usually have two inputs and two outputs, it is possible to cascade multiple filters into a 2 × N filter bank. 
Arrayed Waveguide Gratings
Arrayed waveguide gratings are another mechanism to implement the interference of multiple delay lines. 15 The principle is illustrated in Fig. 6 . Incoming light is distributed over many delay lines in a star coupler. The individual contributions are then recombined in a second star coupler. However, the recombination mechanism is significantly different from an MZI lattice filter. The star couplers function as an imaging system. When all the contributions of the delay lines are in phase, the field profile of the imput aperture is imaged in the plane of the output apertures. The quality of that image depends on the number of contributions (delay lines), but it is never perfect. When the wavelength changes, there will be a constant phase difference between every two arms, and this will tilt the phase front in the output star coupler. This, in turn, will shift the image. Therefore, there is a one-of-one mapping of the position in the image plane to the wavelength within a single FSR. The mode-to-mode response of input to output is determined by the overlap of the image field profile with the mode profile of the output aperture. As shown in Fig. 6c , the imaging and resulting overlap broadens the wavelength response of the filter, to approximately twice the bandwidth. A consequence of this is that an AWG which need to select 1 channel of out N , needs about twice the number of arms than an equivalent MZI lattice filter.
Also, the shifting overlap of the image and the aperture mode, which can be mathematically described as a convolution in the wavelength domain, will smoothen the wavelength response. This makes it difficult to create a box-like band-pass filter in the AWG. This can be compensated by tailoring the aperture field profiles of input and output to create a sharper response: for instance, by including a broader waveguide section (a multimode interferometer) we can obtain a broader, more uniform pass band. [16] [17] [18] This, however, comes at the expense of insertion loss. Modifying the coefficients b i of the individual arms is less straightforward: the amplitudes are largely determined by the far-field profile of the input aperture. However, it is possible to make non-uniform star couplers, but this complicates the control of the relative phases between the arms. 19 An advantage of the AWG is that the imaging principle makes it possible to create a wavelength demultiplexer, instead of a single channel filter. When positioning multiple waveguide apertures in the output star coupler, different wavelengths will be coupled to different output waveguides. However, the channels will have an uneven insertion loss. The transmission from the center input to the center output is highest, while the transmission between an input and an output both at the edge of the star coupler (or the edge of the FSR in the spectrum) could be 3-6dB lower. A way to overcome this is increase the number of channels within the FSR but not use the outer channels. This requires additional delay lines.
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Also, an AWG is not confined to a regular wavelength grid: the output waveguides can be freely positioned in the output star coupler, as long as they do not physically overlap. Also, it is possible to add multiple input ports. This way, a M × N wavelength router can be built. 
Echelle Gratings
Echelle gratings operate in a similar way as AWGs, by combining a number of optical delays with a free-space imaging system. 22 The key difference with AWGs is that echelle gratings implement the delay lines as distances
Proc. of SPIE Vol. 9365 93650H-6 in the free propagation region set by the location of an array of reflecting facets. As shown in Fig. 7 , the light traverses the same free propagation region twice. The exact phase delay is therfore not dependent on the linewidth of patterned waveguides, and this makes an echelle grating inherently more fabrication tolerant, because the optical delay length now depends only on the guiding layer, rather than on the exact geometry of a waveguide cross section. Still, thickness variations of the silicon layer can still introduce phase errors.
The fabrication-critical detail of echelle gratings are the reflector facets. Simply etched facets only have a reflection of 30-40%, which immediately introduces a 5dB insertion loss 22 . Better solutions involve the use of corner reflectors or distributed Bragg mirrors which can cut the reflection loss down to 1dB or less 23 . Just having a high reflection of the grating is not sufficient: it is important that the edges of the reflectors do not scatter too much light, because that gives rise to imaging errors and therefore distortion. So, while the image quality generally improves by using more reflectors (or grating elements), the reflectors should be sufficiently large to make sure the edge effects do not dominate the main body of the reflectors.
Like an AWG, an echelle grating can separate many wavelength channels into their own output waveguide, and they suffer from the same nonuniformity between channels as AWGs.
COMPARISON
We compare these different types of spectral filters to a number of criteria. The comparisons in this preliminary study are are a combination of simulations and fabricated devices, where we coupled the results of the fabrication back into the simulated models to predict the scaling trends of the different filters. With ideal technology, the different filter types can all exhibit a similar performance. However, when fabrication technology is imperfect, the performance will suffer; however, not for all filter types in the same way. Waveguide delay lines (MZI and AWG) will have different phase error statistics as delays implemented in the slab waveguide of an echelle grating. The control of directional couplers will impact Lattice filters much more than the two other filter types.
When the channel count within an FSR increases, this will have an affect on the performance as well. A large number of channels will require a larger number of delay lines (stages, arms, facets), and this in turn will increase the average delay length and phase error. As a result, the crosstalk and insertion loss will go up. We study both of these metrics by taking a fixed-channel filter design and vary the number of delays. We also compare how the different filter types scale in footprint when used as a wavelength channel demultiplexer. Even though silicon photonic devices are quite compact, (de)multiplexers with a large channel count can grow up to millimeters in size. Finally, we make a qualitative assessment on how the different technology aspects limit the scaling performance of the different filters.
Fabricated devices
We fabricated a set of MZI lattice filters, AWGs and echelle gratings using IMEC's passive silicon photonics platform. We varied the filters in channel spacing and number of channels, and characterized the devices on several dies on the same wafer using an automated probe station and vertical grating couplers.
From the transmission measurements we extracted the insertion loss, crosstalk, roll-off (ratio of 1dB bandwidth and 10dB bandwidth) and we calculated the footprint per channel. Table 1 lists a subset of this data for MZI lattice filters and AWGs. We can see several trends which are discussed in more detail using simulations based on the extracted parameters of these devices. One aspect which becomes clear in this table, is the minimum number of stages to obtain a box-like filter profile with an MZI lattice filter. We see that for all filters, the ration between 1dB bandwidth and 10dB bandwidth remains constant at approximately 0.33, which closely matches the roll-off of a Gaussian filter window. Only for the 12-stage, 4-channel filter we see a significant improvement of the roll-off. However, for this number of stages the other filter performance metrics, such as crosstalk, are already much worse.
Echelle gratings and AWGs are very similar in concept, and we have already published a comparison study between these two types of demultiplexers. 20 There it becomes clear that AWGs perform better for smaller channel spacings, while echelle gratings are the best choice for few channels with a large spacing. Some of the findings of this study has been included the results presented here.
Crosstalk
One of the most important performance metrics for wavelength filters is the crosstalk, i.e. the rejection of light with wavelengths outside the channel. For AWGs and echelle gratings, the crosstalk is entirely dependent on the quality of the image at the output apertures. That quality depends on the number of delays: more delays means a more detailed reconstruction of the input field profile. However, more delays will automatically imply a longer average delay length, and therefore higher phase errors. So for a small number of arms we expect a rapid decrease in crosstalk (better imaging) but then a gradual increase for large number of arms. We simulated this with different amounts of phase errors. This is what we observe in Fig. 8 . We see that for zero phase errors we do get a constant decline in crosstalk, but once we add phase errors we see that the crosstalk starts to increase from a certain number of arms. For MZI lattice filters the picture is a bit more complicated as the crosstalk is also very dependent on the control of coupling coefficients, so the absolute values of the crosstalk (which only take phase errors of waveguides into account) might be underestimated. 
Insertion Loss
For insertion loss we observe a similar pattern, which is understandable if one considers crosstalk as optical power which is not directed into the correct channel, and is therefore lost. The trends are plotted in Fig. 9 . The most remarkable result is that of the MZI lattice filter, where the insertion loss is very independent of the phase errors. This is because we measured insertion loss as the maximum transmission within the wavelength channel. Phase errors do, however, impact the non-uniformity of the transmission within the channel band, and this starts to increase with larger phase errors.
Footprint
One of the metrics that have an impact on the filter choice is the actual footprint of the final device. Even though the different devices are based on the same principle, their implementation is very different, and this affects the chip area they consume. MZI lattice filters select a single channel (or act as an interleaver). When making a wavelength demultiplexer, the footprint of an MZI-based device therefore scales roughly with the n.log(n), with n the number of channels: more channels within an FSR requires more MZI stages per channels, and to make a multiplexer of n channels we need between log(n) and n filters, depending on the design of the demultiplexer as a cascaded or serial device. As the FSR gets smaller, smart layout of the longer MZI delays might still result in a compact design.
For AWGs, the footprint goes up with roughly the square of the channel number n: We need more delay lines, and the average delay line gets longer, and therefore consumes more space. When the FSR gets smaller, the device will scale inversely, and there are no straigthforward ways to reduce the footprint of the arrayed waveguides: folding the delay lines will result in additional phase errors.
The footprint of echelle gratings increases in a similar way as the AWGs. More and longer delays will increase the radius of the grating circle (for a constant spreading angle of the waveguide aperture). This will result in a quadratic increase of footprint as function of channel count n.
HOW TECHNOLOGY AFFECTS FILTER SCALING
The performance of the wavelength filters deteriorates with a larger number of channels (more delay lines) and a smaller FSR. However, as we have already seen, the different filter architectures scale in a different way for performance metrics such as crosstalk, insertion loss and footprint. Exactly how the performance scales depends heavily on the technology. Fig. 11 shows how 6 technology parameters affect the crosstalk and insertion loss when scaling the number of channels and the FSR. We can see some clear trends there: arrayed waveguide gratings and MZI lattice filters are both strongly affected by the quality of the waveguides: absolute linewidth control, linewidth uniformity and waveguide loss. Naturally, echelle gratings are fairly impervious to the waveguide quality, but is on the other hand extremely sensitive to the thickness uniformity of the guiding layer. MZI lattice filters are very sensitive to the performance of directional couplers, so the technology should be able to control narrow gaps to a high precision. Both echelle gratings as AWGs require sufficiently small features, for the Bragg mirrors of the facets and the spacing of the apertures in the star coupler, respectively. For many application, an important aspect of the performance of a filter bank, and especially a demultiplexer, is the absolute wavelength registration. This requires a control of the physical length as well as the effective index of the silicon waveguide. Given the sensitivity of silicon photonic waveguides, this is exceptionally hard. Again, we see the same sensitivities to linewidth control for the AWG and MZI lattice filter, while in the echelle grating we see a sensitivity to thickness control. However, for lattice filters, there are techniques to stabilize the wavelength of the filter, using different waveguides (or polarizations) in both arms, 24 and this reduces the overall sensitivity to fabrication errors. This technique could be extended to AWGs, which are also waveguide based, but would be difficult to implement for echelle gratings.
CONCLUSION
In this paper we presented a first discussion of a systematic study to compare silicon photonic wavelength filters. We compared non-resonat FIR filters: Mach-Zehnder lattice filters, arrayed waveguide gratings, and echelle gratings. We simulated the devices based on device properties extracted from fabricated devices and extracted scaling trends for crosstalk, insertion loss, and device footprint. We also assessed how different aspects of the fabrication technology affect the scaling of the filters in terms of channel count and channel spacing. 
